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ABSTRACT 


This study followed a continuing program of investigations being 
carried out at the Structural Laboratory of the University of Alberta by 
Dr. P. Mukherjee (*) under the guidance of Dr. J. Warwaruk (+). The re- 
sults of the entire program will be presented in the form of a report at 
a later date. 

The primary objective of this phase of the investigation was to 
achieve a better understanding of the behavior of pretensioned reinforced 
rectangular concrete beams subjected to torsion, shear and flexure. 

Twenty four beams having a nominal cross section of 6 x 12 in. 
and containing identical amounts of mild steel reinforcement were tested. 
Two levels of prestress were studied; each level consisting of six beams 
concentrically prestressed and six more eccentrically prestressed. 

The testing equipment used for this investigation permitted in- 
dependent application of the twisting moment and transverse loads. The 
ratio of twisting moment to flexural moment was varied for each type of 
prestressing. All beams were tested to failure by applying the loading 
in a series of predetermined increments. The test results are presented 
in the form of tables, graphs, and interaction diagrams. 

(*) Dr. P.R. Mukherjee 
Post-Doctoral Research Fellow 
University of Alberta 

(+) Dr. J. Warwaruk 
Professor 
Department of Civil Engineering 


University of Alberta 
Edmonton, Alberta 
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CHAPTER I 


INTRODUCTION 


1-1 INTRODUCTORY REMARKS 

Torsion has generally been considered a secondary effect in re- 
inforced and prestressed concrete structures. Consequently, it has long 
been neglected compared with other areas of concrete technology. Only 
recently has torsion become an increasingly important factor in structural 
design. Refinements in analysis, the greater use of new structural shapes 
by architects, and the employment of ultimate strength rather than working 
Stress design have brought about the need to study torsion in the same 
detail as bending and shear. 

The behavior of concrete members subjected to flexure, shear, 
prestress, and varying combinations of these effects has been investigated 
quite thoroughly. However, the study of such members subjected additionally 
to torsion is a relatively new field of research. From such studies, the 
behavior of concrete under all possible loading conditions will be more 
fully understood. Once having filled these gaps in our knowledge, more 
modern and aesthetic structures will be designed and constructed in the 


future. 


1-2 OBJECT 
The primary object of this investigation was to study the be- 
havior of reinforced prestressed rectangular concrete beams subjected to 
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torsion, shear and flexure. The variables studied included both the 
level and type of prestress, and the beams were subjected to varying 
ratios of torsional moment to bending moment. For each beam, all strands 
were to be stressed to the same level of prestress. Elastic shortening 
of the concrete and relaxation in the strands were measured to enable 
calculation of an effective prestress force at the time of testing. The 
behavior of both the transverse and longitudinal reinforcement was ob- 
served using electrical resistance strain gauges positioned in appropriate 
locations. 

All the beams were fabricated and tested according to the pro- 
cedures outlined in Chapter III. Tables, graphs, and diagrams are used 


to present the test results. 


1-3 SCOPE 

The investigation included four series of beams. The first 
series consisted of Beams VI01-V107, the second, Beams V121-V127, the 
third, Beams V201-V207, and the fourth, Beams V221-V227. All specimens 
had a nominal cross section of 6 x 12 in. with an effective depth of 11 
in. All beams, 10'-0 in length, were prestressed using high strength 
steel strand. Longitudinal and transverse reinforcement was provided for 
all beams. 

The testing equipment allowed independent application of the 
twisting moment and the transverse load. Four beams were subjected to 
combined shear and flexure, and the remaining were tested under shear, 


flexure, and torsion. All were tested to failure by applying the loads 


—- testa -2eartearg to [evel sms2 sft o3 baezsite od ot 3 
: Piabae ot be wesem sisw ebnarte ait nt nottsxefsy bas stetonos st if _ 


eat -pnittest to amy ors ts 997107 22e9xF291q aviso9Ttt5 ne to notyen — 
“do 26w Insmsorot nts fantbustgnol bns sevevansyd sid ritod to Yorverts 7 


atstygovags at benotsteoq espusp ntsyte sonstetesy Tsotytosls ontay. ave 
. - 


~o1g ont oF pntbt002s8 bevess bns betszivdst svaw emsed ad [TA | 
beeu 545 ameyperb bns « engsyp eatdet -IfT sstqed9 nf benti3uo esyubao | 
-esiuesy test sid tneestq of 

| 39092. E<f 
Sevit nT .emssd to 28tx92 wot bebulont nottepitzovart sit 
ons .XSIV-{SIV emse8 ,bnoos2 silt ,OlV-TOSV’ 2mse8 Fo bas2tenos 29 192 
enomfosqe (fA ,<SSVY-[SSV¥ ampo@ .rityyot ont bos «OSV Tosy 2mp38 con 
Ef to fisgeb svttoatie ns dtiw int SI x 8 to notdseg 22019 Teatmon 6 | 
Aseneit2 ptr enteu beezsites1q saw efijpnsl nt O-'OF ,amsed (TA z | 
10? bsbtvorg 26w $ensorotntsy, s245varis43 bas Tsntbuttpnol .basrd f 9: 
os “a fr 
ont to er a dnsbnegabat bawof fs dnomgqtups pntseas s i 
of betoatdve ovew emssd “vol .bsof aer9venens ont bas ua mc i 
.Weee yabau beseat e1SW pribibsmes 91a bas ,91uxelt brs "16 ae 

" etiot oat ontulags Yd swish od bovesd srw [1A .noterod bne ; 


-_ f - 
\ s >) aa . 
ie i a _ i Nay — 7 


in a series of increments. The results of the tests are presented as 
MOMENT-DEFLECTION curves, TORQUE-TWIST curves, and DIMENSIONAL and NON- 
DIMENSIONAL INTERACTION DIAGRAMS, as well as in the form of tables and 


discussions. 
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CHAPTER I] 
REVIEW OF PREVIOUS RESEARCH 


2-1 INTRODUCTION 

Although investigations dealing with torsion of reinforced con- 
crete beams have been carried out over the years, studies concerned with 
the interaction of flexure, shear and torsion have only recently been 
performed. Tests concerned with prestressed concrete members have been 
relatively few. Initially, their behavior under torsion was studied, and 
later, investigations were made into the behavior of prestressed concrete 
members under bending, shear and torsion, as this is probably the most 
common loading condition found in practice. This chapter presents a re- 
view of previous research with emphasis given to tests dealing with members 


subjected to various loading combinations. 


2-2 PREVIOUS RESEARCH 

Test of prestressed concrete sections under pure torsion have 
been carried out by various investigators. Humphreys tested 94 axially 
and eccentrically prestressed sections in pure torsion and found results 
could be predicted satisfactorily using the elastic theory. The specimens 
failed in a diagonal tension manner unless such failure was inhibited by 
high prestress. 

Zia (2) conducted tests on 68 prestressed and plain concrete 
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members consisting of rectangular, 'I' and 'T' sections. Some of the 
Specimens also contained web reinforcement and all were subjected to 
pure torsion. He reported abrupt failure for rectangular and 'T' sections, 
while the 'I' sections displayed considerable ductility. They refused 
to fail until the entire section including the flanges attained ultimate 
tensile strength. The specimens with web reinforcement showed considerable 
ductility. However, he stated that a concrete member without web rein- 
forcement fails abruptly under torsion, and that this brittle type of 
failure can be avoided by providing web steel spaced not more than 0.4 
of the depth of the member. He also decided that the use of transverse 
reinforcement has no apparent effect on the elastic torsional behavior 
of a member. He stated that the ultimate strength of prestressed members 
with web steel is equal to the sum of the cracking moment of the member 
and the contribution of the web reinforcement. He preferred the elastic 
theory for predicting the strength of specimens. 

Mukherjee and Kemp (9) reported on tests conducted on plain, 
prestressed and reinforced concrete members subjected to pure torsion. 
The prestressed series included 18 beams without reinforcement and 15 
beams with mild steel longitudinal and transverse reinforcement. The 
reinforced beams were 6 x 12 in. in cross section. They found that the 
addition of prestress caused a significant increase in ultimate torque 
in comparison to the ultimate capacity of a companion plain concrete beam. 
The inclination of the failure plane to the horizontal became progressively 


less with the increase in the intensity of prestress. This suggested the 
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principal tensile stress as the primary cause of failure. The prestressed 
beams exhibited greater plasticity than the plain concrete beams. The 
torsional failure of the prestressed concrete beams occurred suddenly and 
violently. Increased prestress was beneficial in enhancing the torsional 
Capacity up to a limiting value beyond which the torsional capacity was 
reduced due to a compression failure of the concrete. The cracking torque 
of a prestressed beam with longitudinal and transverse reinforcement was 
comparable to that of an equivalent prestressed beam without reinforcement. 
Hence the effect of reinforcement could be conservatively ignored in esti- 
mating the cracking torque. They found that the range between the lower 
limit of cracking torque and the upper limit of compression failure torque 
was sharply reduced with an increase in the degree of prestress. This 
implies that at higher degrees of prestress, the ultimate torque can not 
be increased very much beyond the cracking torque, and that adequate 
ductility can not be ensured by providing mild steel reinforcement. 
Therefore, they decided that the degree of prestress should be limited 

to a maximum value. 

Kemp, Sozen, and Siess (4) reported on a research project carried 
out to determine the behavior of concrete sections under torsional load- 
ing only. They found that the primary factors affecting the strength of 
prestressed members without web reinforcement were the shape of the cross 
section, the type and magnitude of the applied prestressing force, and the 
concrete strength. The various concrete sections behaved elastically up 
to cracking regardless of whether they were plain, or reinforced longi- 


tudinally or transversely. The stiffness and cracking torque appeared to 
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depend almost entirely on the geometry of the section and the concrete 
strength, and very little on the amount or position of any reinforce- 
ment provided. Upon reaching the cracking torque, the reinforced 
specimens continued to gain strength although losing stiffness until 

the ultimate torque was reached. This increase in strength was observed 
to depend primarily on the amount and location of the reinforcement 
present. 

Nylander tested 60 specimens in various combinations of bending 
moment, torque and shear. While some of his specimens were plain, others 
were longitudinally reinforced. He preferred the plastic theory for 
predicting the ultimate capacity. He found that for low stress in the 
reinforcement, the bending moment exerted a favorable influence on the 
torsional strength of a beam. Since current codes insist on providing 
reinforced concrete beams with at least nominal transverse reinforcement, 
it is doubtful if his test specimens can be considered typical. He con- 
cluded that the ultimate capacity of.a member subjected to bending, 
torsion and shear could be obtained by equating the sum of: the torsional 
and transverse shearing stresses to the ultimate tensile strength of the 
concrete. 

McMullen (3) tested 34 reinforced concrete beams; 22 of which 
were subjected to various combinations of bending and torsion, and 12 
under various combinations of bending, torsion and shear. He concluded 
that reinforced concrete beams subjected to bending, torsion, and moderate 


amounts of transverse shear can fail by three different modes. These are 
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characterized by the formation of a hinge adjacent to one face of the 
beam and yielding of the reinforcement adjacent to the face opposite 
to the hinge. The modes of failure predicted by his analysis agreed 
with the observed modes of failure. He found that the presence of 
flexure does not increase the torsional strength of a beam provided 
with equal top and bottom reinforcement. He also found that the be- 
havior of a beam prior to cracking is not significantly affected by the 
reinforcement provided. After cracking occurs, behavior depends on the 
reinforcement and on the ratio of twisting moment to bending moment. 

Pandit and Warwaruk (7) reported results of tests performed on 
reinforced concrete sections subjected to combined bending and torsion. 
The results showed that the presence of flexure to a certain limit in- 
creases the torsional strength of a typical beam section in which most 
of the longitudinal steel is located in the zone of flexural tension. 
This increase in strength is essentially due to the greater resistance 
offered by the portion of concrete compressed by flexure. The presence 
of flexure reduces the torsional strength of a beam in which the long- 
jtudinal steel is distributed equally in the zones of flexural tension 
and compression, unless the ratio of transverse steel to longitudinal 
steel is low. 

Swamy (14) reported tests conducted on 20 hollow rectangular 
prestressed concrete beams with comparison tests on prestressed solid 
and plain hollow concrete beams. The specimens were tested under varying 


ratios of bending moment to twisting moment. He stated that the torsional 
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resistance of a hollow beam can be increased by the presence of bending 
moment. He also concluded that the mode of failure is dependent on the 
ratio of torque to bending. He found that the presence of the prestress 
tends to retard the development of failure strains, thereby increasing 
the capacity of the section in torsion. He concluded that interaction 
curves were the best method for assessing the capacity under various 
stress combinations ranging from pure bending to pure torsion. 

Cowan and Armstrong (1) conducted tests to determine the be- 
havior of reinforced and prestressed concrete beams subjected to combined 
bending and torsion. They concluded that the crack patterns depended 
upon the ratio of bending to torsional moment. Tests under pure bending 
produced vertical cracks while specimens under pure torsion exhibited 
cracking along lines 45° to the horizontal axis of the beam. Specimens 
under combined loading exhibited crack patterns within these two limits. 
Also, the addition of prestress flattened the crack pattern to possible 
angles less than 45° depending upon the level of prestress. A sizeable 
reduction in stiffness was noted after cracking but the specimens pos- 
sessed additional capacity over and above their cracking capacity. This 
increase was attributed to the reinforcement and depended not only on 
the amount but on its location within the section. Transverse reinforce- 
ment was not included in their specimens and was therefore not discussed. 
They found that the presence of a bending moment, less than the flexural 
cracking moment, was beneficial to the torsional capacity of a specimen, 


and the presence of a torsional moment, less than the torsional cracking 


= : 


ss saieietiiaiaiionentsiial sae 
— @t swihs? to sbom snd sant bebutonoa ate i 


esiq ant to sonazerq anit tant bauer si ,patbned of suprot 


‘gullet ydevent , entsate sults? to tnsinqofeveb ont breton ot a 


-_ aotgonnstnr fedt bebufonos “SH .notevot at nofsose sit Yo ys tose 
7 anor yabnw yd rosq6. afl pnicesees Yot bortsm stead ads ste = 
ne ‘AoFZ0s oug OF PATbasd sq mor? eatensy enoitsntdmes 2eendte 
~od edt Sethurras sb oF 2t293 bsdJoubnoo (1) pnovtemvA bas mewod 4 : 
bantdmos of ed webdie emsad stoyonoy baezsyt2erg ‘bns beorotaten ton 
 bebasgsb envetteg Josvo oft tans bobulsnoa ysdT .notevos bns ent 
patbnsd evug aebnu etzeT eniginom [snoteros oJ pritbisd to oftsy ont m 
battdinke noreros anil ‘rebay enamtosq2 elfiw etosyo [sorivey b ou 


ensmbseq? iad ads to vom Isinostyod eit oF °@h eanti profs one sie 


al ne 
7 
ce 7 


7 


.edtint owt seeks niddtw anietdsq Adsva bottdirixs pntbsol bsatdmes’ 
aidtezoq oF mstteq A2619 odd banstie(? ecsiteetg to nots tbbs 6 z fA 
sfdseste A .ezeytesiq to foveal sit noqu pntbnsqeb °2h nent zee! att 

~204 anamioage att tud patdosys ystis baton esw e2anttrie at 
2FaT .yttosg6s pnixosis Yield svods brs avo yttosqso srots tbbs beeeae 

‘no yin Jon babnageb bis insmeototntey sis ot badudiytts eaw- : 
~sovotniey sevsvensiT .nottose srt nttstw noftsoof ett uf Jud Se 6 
-begeuseth ton stotevent eswibns ansmtoeqe vtort nt bobul ont sl 
totaal ans ial 22s! ,.dnamom pntbnad 5 to sanseang ent 4 
namtosqe 5 to ws tosqsa fenofayot snd ot fétottensd able eft 
a Fant evot bial nents aeet . tasmayn Isnotevos s to 9: 


10 


moment, was beneficial to the flexural capacity of the specimen. Cowan 
suggested that the torsional strength of a beam was equal to the sum of 
the torsional strength of the plain concrete and the contribution of the 
reinforcement. He advocated the elastic theory approach, and concluded 
that closer agreement between experimental results and theory would be 

obtained if the torsional strength of the concrete was considered and 

the reinforcement required to take only those tensile stresses which ex- 


ceeded the tensile strength of the concrete. 
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CHAPTER III 


TEST SPECIMENS, INSTRUMENTATION, EQUIPMENT AND PROCEDURE 


3-1 TEST SPECIMENS 

The twenty four beams reported in this study were all provided 
with both longitudinal and transverse reinforcement. They were divided 
into four groups as outlined in TABLE 3.3. One beam from each series 
was tested under shear and bending; the remaining specimens were sub- 
jected to torsion, shear and bending. All beams had a nominal cross 
section of 6 x 12 in. and their overall length was 10'-0. 

(a) Concrete 
The concrete mix was the same for all beams and was comprised 


of the following proportions: 


Ci) peceNENT (TYPE! ily 133 lbs. 
(2) SAND 344 lbs. 
(3) COARSE AGGREGATE 500 Ibs. 


The amount of water used per mix was approximately 85 lbs. 
This mix yielded seven cubic feet of concrete with a 3 inch slump. 
(b) Sand 
A sieve analysis of the sand is given in TABLE 3.1. The 
average moisture content was approximately 42. 
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WEIGHT 4, CUMULATIVE 
RETAINED RETAINED % RETAINED 
(gms. ) 


WEIGHT CUMULATIVE 
RETAINED % RETAINED 
GLb.) 


TABLE 3.2 SIEVE ANALYSIS OF COARSE AGGREGATE 
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FIGURE 3.4 STRESS-STRAIN CURVES FOR PRESTRESSING STRAND 


Ay 


u 


cin wo Re 
a SY a 


bal Se ees 
PEs @Neee 


QWAAT2 3AIW \ = @ WI al\e 


sen eeae a 
aaa se SACLE 
| BTR bec. ike = 

es OE \ 
MMI | 


(fon x Wt\na) WiAaT2 


GnAnT2 ahizeaaTeand 903 eave MIART2-2qNT2 Ble aqUOTA 
= 


18 


(c) Coarse Aggregate 
The coarse aggregate was 3/4 in. maximum size crushed rock 
with an average moisture content of 1.7%. The results of a sieve analysis 
are presented in TABLE 3.2. 
(d) Reinforcement 
The non-prestressed reinforcement used in the test specimens 
is described in TABLE 3.3. The #3 deformed bars were from the same heat 
and are designated as TYPE F. The #2 plain bars were from two different 
heats and are designated as TYPE B or TYPE C. The arrangement of the 
reinforcement in the specimens is shown in FIGURE 3.1 and FIGURE 3.2a. 
To ensure that failure would occur in the gauge length, a considerable 
amount of transverse reinforcement was provided in the areas outside the 
gauge length. Representative samples of the #3 bar and of each type of 
the #2 smooth bar were tested to obtain the results shown in FIGURE 3.3. 
(e) Prestressing Strand 
For test specimens V101-V107 and V121-127, the strand used 
for prestressing was 5/16 in. diameter - 7 wire strand. For test specimens 
V201-V207 and V221-V227, 1/2 in. diameter - 7 wire strand was employed. 
Both sizes were guaranteed a minimum yield strength of 250 ksi. A repre- 
sentative strand sample from each size was tested to obtain the results 
shown in FIGURE 3.4. 
(f) Fabrication 
The reinforcement cages were fabricated by fastening the stirrups 
to the longitudinal reinforcement with ties at 3" intervals. In preparation 


for casting the steel forms were cleaned and oiled. The reinforcement 
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cages having been placed into position, the prestressing strands were 
threaded into place and the side forms were set alongside the cages and 
bolted securely into place. The strand length was such that it extended 
beyond each bulkhead four to five feet. At the north bulkhead, load 
cells and wedge-grip end anchorages were installed. FIGURE 3.5 illu- 
strates a typical arrangement. The south bulkhead shown in FIGURE 3.6 
was used as the stressing point and the wedge-grip end anchorages were 
again used to hold the elongation in the strand upon prestressing. 

The entire system was properly aligned and the strands were 
individually stressed using a Simplex centre-hole hydraulic jack operated 
by an electric pump. It was attempted to stress each strand to the same 
level of prestress but variations in end anchorage losses caused smal] 
variations to occur in any one particular beam. 

The concrete was mixed in a nine foot capacity mixer located 
within the laboratory. One batch was sufficient for each beam including 
its control cylinders. Prior to mixing, a butter mix was used to condi- 
tion the mixer. The concrete was mixed for approximately five minutes 
with the water content adjusted until a 3" slump was obtained. The con- 
crete was then transported to the forms and cast into place with the aid 
of an internal vibrator. 

Five six by twelve inch control cylinders were cast with each 
Specimen and were cured and stored under identical conditions. Three 
cylinders were used for compression tests and the remaining two for 
splitting tensile tests. All the control cylinders were tested on the 


same day as the corresponding beam test. 
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FIGURE 3.5 NORTH BULKHEAD 


FIGURE 3.6 SOUTH BULKHEAD 
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The day after casting the forms were removed and the specimens 
and their cylinders were covered with moist burlap and plastic for six 
days. 

At seven days the plastic and burlap were removed and final 
readings were taken on each load cell to eliminate any error in strand 
forces due to relaxation of the steel. Mechanical gauge points were 
positioned on both vertical faces and initial readings were taken using 
an 8 inch DEMEC deformation gauge. FIGURE 3.1 and FIGURE 3.2 illustrate 
the location of these gauge points. The strands were then subjected to 
heat from a cutting torch over an approximate length of two feet such 
that the stress was allowed to gradually transfer from the strands to the 
concrete. 

After release a second reading was taken on all the gauge points 
for purposes of calculating the 'instantaneous' elastic shortening in the 
concrete due to prestress. The beams and their cylinders were then set 


aside to cure in air until the time of their test. 


3-2 INSTRUMENTATION 
The specimens were instrumented to enable measurement of angle 
of twist, deflections and reinforcement strains. 
(a) Angle of Twist 
The twistmeters were designed to measure the total angle of 
twist and their location on each specimen is shown in FIGURE 3.1. Each 
consisted of a level bubble mounted on a 1 x 1-1/2 in. channel and fixed 


at one end by a pin joint. The opposite end was supported by the needle 
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of a micrometer screw mounted on the base. Small springs on either side 
of the channel ensured its close contact with the micrometer screw needle. 
A clamping bracket attached this assembly to the top face of the beam. 
The smallest division on the micrometer was 0.001 in. The angle of twist 
through which each twistmeter rotated was computed from the difference 
in the micrometer readings between successive load increments. The total 
angle of twist over the gauge length was calculated using the difference 
between the angles of twist obtained from each twistmeter. 
(b) Deflections 

The beam deflections were measured at three locations which are 
Shown in FIGURE 3.1. The deflection gauges consisted of scales suspended 
from rods at equal distances from the beam face. These rods which pro- 
jected horizontally on either side of the beam at mid depth were fastened 
to a bracket clamped onto the beam. The smallest division on these scales 
was 0.01 in. Readings were taken using two precise levels located on 
either side of the specimen; the deflection was obtained by averaging each 
corresponding pair of readings. The deflection evaluated in this manner 
was the vertical deflection of the centre of the cross section due to the 
applied transverse load. 

(c) Reinforcement Strains 

At strain gauge locations the bars were ground smooth and 
Type A-7 SR-4 electrical resistance strain gauges were attached. The 
locations of these strain gauges were identical for all beams and are 


shown in FIGURE 3.1. After the gauges were cemented in place, they were 
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waterproofed with three coats of GW-2 waterproofing compound and wrapped 
with tape. The surrounding area was then treated with an epoxilite com- 


pound to protect the strain gauges during casting. 


3-3 TEST EQUIPMENT 

The arrangement used for testing the beams is illustrated in 
FIGURE 3.10. The apparatus employed in applying the torsional moment to 
the specimen was completely independent of that used to apply the trans- 
verse shear and bending moment. The transverse load was applied by 
means of a 100 kip Amsler jack which rested on a heavy plate equipped 
with rollers. This plate was laterally supported and rested on a pipe 
collar which was fastened to the specimen at the point of loading. This 
system not only permitted the twisting moment to be transmitted fully 
along the length of the beam but also ensured that the transverse load 
remained in a vertical orientation. 

The east end of each specimen was supported by the twisting 
head through which the torsional moment was applied. FIGURE 3.7 illu- 
strates the twisting head. It allowed the beam to rotate about its 
longitudinal axis and also about both a horizontal and a vertical axis 
perpendicular to the axis of the specimen. Cables were attached to the 
arms of the twisting head and previously calibrated load cells were used 
to measure the forces in these cables. 

The cable forces were produced by the torsional loading system 
shown in FIGURE 3.8. The cables connected the torsion arms of the twisting 


head to the ends of the cross head. A roller assembly provided at each 
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end of the cross head ensured free movement within the guides provided. 
The cross head was loaded at its midspan by two 20 kip hydraulic jacks 
coupled in series. Use was made of a hand pump to generate the hydraulic 
pressure. The coupling of the jacks in series was intended to increase 
the stroke to 16" corresponding to a rotation of approximately 26° in 
the twisting head, slightly more than the maximum rotation of which it 
is capable. 

The west end of the specimen was supported by the fixed head 
which is illustrated in FIGURE 3.9. This support permitted translation 
in a longitudinal direction and rotation about a horizontal axis per- 


pendicular to the longitudinal axis of the beam. 


3-4 TESTING PROCEDURE 

Final readings were taken on the mechanical gauges so as to 
calculate the loss in prestress force due to time dependent strains which 
had occurred from release up to testing. The specimen was then placed 
into position and secured. The dead weight of the pipe collar and roller 
assembly had been determined beforehand and allowance was made for their 
effect. 

Beams V101, V121, V201 and V221 were tested under combined shear 
and flexure without the presence of any torsional moment. The transverse 
load was applied in a series of increments. The remaining beams were 
tested under combined torsion, bending and shear. The twisting moment 
and the transverse load were incremented simultaneously in predetermined 


magnitudes depending upon the ratio of torsional moment to bending moment 
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for each particular specimen. When a specimen reached a critical stage 
in the test such as cracking or ultimate load, the loading increments 
were reduced such that more data could be gained in these regions. 
Ultimately, each specimen was tested to failure and note was made of 

the approximate distance of the failure region from the point of loading. 
For each loading increment, all the instrumentation was read, and the 


crack pattern was marked. 
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CHAPTER IV 


PRESENTATION OF TEST RESULTS 


4-1 INTRODUCTION 

The following sections are included to related the manner in 
which the test results were obtained. The readings which were taken for 
each beam at the end of successive loading stages are included in APPENDIX 
A. The TORQUE-TWIST curves and the MOMENT-DEFLECTION curves are also 
presented in that section. The INTERACTION DIAGRAMS at the ultimate 
loading condition are included in the next chapter to be discussed at 
that point. Photographs of most of the test specimens after failure are 
presented in APPENDIX B. 

Due to an oversight in the preparation of Beam V103 for testing, 
the results obtained were considered possibly erroneous, and as a result, 
no photographs of this specimen after failure were taken. Also, during 
the testing of Beam V222, a power failure necessitated releasing the load 
and reloading again at a later date, and the results obtained beyond the 


point of initial loading could not be considered typical. 


4-2 TORQUE-TWIST RELATIONSHIPS 
The torsional moment acting upon the specimen was evaluated 
using the product of the load cell reading and the moment arm of 72 in. 


At each load increment, the twist was calculated using successive readings 
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obtained from the two rotation gauges. Subtraction of the west gauge 
readings from those of the east gauge resulted in the angle change be- 
tween them. Dividing this angle change by the distance between gauges 
yielded the angle of twist in radians per inch. 

The values are plotted in the form of TORQUE-TWIST curves and 
these are shown in APPENDIX A. 


4-3 MOMENT-DEFLECTION DIAGRAMS 

The location of the deflection gauges is shown in FIGURE 3.1. 
Readings taken at each loading increment were averaged for each pair of 
gauges; the average result being the downward deflection of the centroid 
of the specimen due to the applied transverse load. 

The maximum flexural moment along the length of the test speci- 
men occurred under the transverse load. For each load sequence, it was 
evaluated as one-third the value of the transverse load multiplied by 
72 in. to give a value in units of inch kips. The value of the bending 
moment at any other section along the specimen could be easily obtained 
fromestatics . 

The main objective in plotting moment-deflection diagrams was 
to show the effect of three variables upon the behavior of the beam; the 
degree of prestress, the position of the prestress, and the ratio of the 
torsional moment to bending moment. To show the effect of both the de- 
gree and the location of the prestress force, FIGURE A.5 was drawn using 
as coordinates the maximum flexural moment under the load and the deflection 


of the west gauge for those beams tested without the presence of torsional 
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moment. Then, using the same coordinates, moment-deflection diagrams 

for each series of beams were plotted to illustrate the effect of varying 
the ratio of torque to bending for different degrees and locations of 
prestress. This is shown in FIGURE A.6 and FIGURE A.7. For more com- 
plete information concerning each beam, reference can be made to the 


tables in APPENDIX A. 


4-4 VALUE OF THE EFFECTIVE PRESTRESS FORCE 

TABLE 3.3 shows the value of the effective prestress force for 
each beam. Measurements were taken to determine the elastic shortening 
and the time dependent losses as previously outlined in Section 3-4. 
Modification of these strain losses to stresses and subsequently to 
forces resulted in determination of the total loss in the strand force 
occurring from time of release to time of testing. These losses were 
deducted from the strand force prior to release; the result being the 


effective prestress force at the time of testing. 


4-5 INTERACTION DIAGRAMS 

When dealing with varying loading combinations, it has been a 
frequent practice to plot interaction diagrams with the various types of 
loading as coordinates. The effect that one type of loading has upon 
another can be determined in this manner. The study of two types of 
loading, namely bending and torsion, is relatively straightforward com- 
pared to the study of bending and torsion combined with transverse shear. 


The former can be illustrated on a two-dimensional plot while the combi- 
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nation of bending, shear and torsion is more aptly presented using a 
three-dimensional diagram. 

For this study, interaction diagrams at ultimate load were 
plotted in two dimensions with the transverse shear and flexural moment 
individually plotted opposite the torsional moment. The non-dimensional 
plots are illustrated opposite the results of tests under combined 
bending and torsion performed by Sorensen (12) and Mukherjee (15). They 
are illustrated in FIGURE 5.1 and FIGURE 5.2. The plots showing the 
interaction of torsion and shear are shown in FIGURE 5.3. The value of 
the torsional moment at ultimate load, Te was simply that value of the 
twisting moment existing at failure. The value of the bending moment at 
ultimate load, Mie was taken to be the moment existing at the failure 
plane section at the time of failure. After failure, the distance from 
the load point to the failure plane was recorded and is tabulated in 
TABLE 5.1. Because nearly all the failures took place over a finite 
length, the exact position of the failure plane was often an approximation, 
particularly in the cases of high torque to bending ratios. In these 
tests, failure occurred along a plane inclined to the horizontal and it 
was difficult to pinpoint an exact position for the failure plane. The 
value of the transverse shear along the gauge length at ultimate loading, 
Vie was taken as one-third the value of the transverse load at failure. 
The values of Mie and life were taken from previous tests of similar beams 
subjected to pure bending and pure torsion respectively. Slight variation 


in effective prestress force and concrete strength between these specimens 
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and those of this present study were present, but it was felt that, de- 
Spite these differences, the ratios obtained were quite acceptable. The 
value of Mea was taken as the transverse shear along the gauge length at 
ultimate conditions for a beam subjected to shear and bending only. 
Dimensional interaction diagrams were also plotted using trans- 
verse shear and flexural moment as abscissae and torsional moment as the 
ordinate. These are shown in FIGURE 5.4. The values used in plotting 


all the interaction diagrams are tabulated in TABLE 5.1. 
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CHAPTER V 
DISGUSSTON OR TEST *RESUETS 


5-1 INTRODUCTORY REMARKS 

The general behavior of the test beams over the loading sequence 
is discussed in this chapter with reference being made to the torque-twist 
curves and the moment-deflection curves illustrated in APPENDIX A. The 
comparison at ultimate between these test results and those obtained -pre- 
viously under combined bending and torsion are presented and discussed. In 
addition, the topics discussed in the following sections include the degree 
and location of the prestress, the ratio of applied torque to bending mom- 
ent, and the effect of transverse shear on the behavior of prestressed 


beams subjected to combined loading. 


5-2 GENERAL BEAM BEHAVIOR AND CRACK PATTERNS 

The shape of the torque-twist curves and the moment-deflection 
curves indicates the presence of two stages in the behavior of the test 
specimens under load. Initially until cracking, the beams behaved es- 
sentially elastically. However, after cracks had developed, it appeared 
that any further strength possessed by the specimen could be attributed 
to the presence of the longitudinal and transverse reinforcement. Exami- 
nation of the strain gauge readings included in the beam tables in APPENDIX 


A reveals the contribution made by the reinforcement in extending the 


35 


V AaTaAHO 


: ©. 
me * REUMERSE TAT: 30 WOLAEUDERE = 95 —Saaae 


gongupe2 gntbso! edt ysvo emesd deot add to yorversd fstene ont , 
tetwi-gupyot oft oF sbem pnted sone stey Aviw yesqedo atid nt beeeus th 
ait .A XIQNI99A nt beterteullt esvius nottosltab-tnsmom add be V 
-sq-bentstdo szont bs etfyee1 teat seers naowted stemitiu $6 oa t16qm0 
nl ,beeauoetb bns bstnaee1q 916 Norer0t bas pntbasd benfdmos ssbaw yf a wa 
ssvpeb sit sbulont enottos2 pniwollot ont nt bseauoztb 2otqod ant et 


per 
~mom patbnad oF supiot bsifqqs Yo oftsy ont .2esvtes1q ond to nofsaoof 


beeesisesyq to woiverisd sit no vssde sersvensit to taotts ond bas , ye 
-pntbsof bentdmos ot bstosidue emaed 


2KR3TTAT XQARD GWA AOLVAHE MAA JARSNID See 

nottoslteb-tnsmon sit bas eavivo t2atwi-supyod ont to sqsie oT 
tees siz to 10byverisd oft nt 25pst2 owt to sons2a1q sit eateotbat 2ev4l 
-28 beveded 2msed ons eBMtAoB%D lita iT ats Tos .bsof vebau enomt: 
betseqgs tt ,beqolaveb bed edost9 19346 i9vaWol wl (sotsznto With 
betudtytts od bf wod mamtoaqe sit yd bazeszz20q dspnayt2 vadtaut y 
rt) .Inoma2iotnren seysveneyt brs Tentbusrpnol edt to ¢ 
iaaiiae at 2efdet mod sid ni -bobulant eantbest spusp neve 
- entbnesxe nt wi ah ‘ods vd aber nottudrs 


36 


8bE 
ple 


(dIX°NI) 
INIWOW 


ALVWILTN 


SWWYOVIG NOILOWYSLNI YO4 VIVO 1°S 318VL 


LSV3_ cl 
LSVJ 60 
isv3 ult 
1SV3 82 
JSS ry 

LSV3 8 

1SV3 act 
USVa nes 
1SV3 8? 
1SV3 8? 
LSV3 6 

isvi .0T 
SV 18 

isv3 ult 
ASV4 22 
1SVW3 ule 
iSsV3 uct 
ESV Age 

ISV3 udl 
ISV3_ SP 
LSV4 uve 
svi uct 
1SV3 adl 


INIOd GVO1 OL 
INWId JYNTIVS 
WOYS JINVLSIG 


QL L9°€T L/T L22 
2v1 onl € S2z 
09T (0) a €/t p22 
cial 0) a) v/€ €22 
LEI L9°OT €/T 222 
0 LT vl 0 122 
9S 26°6 Lit Loz 
OvT 0221 € Goz 
SI 00°€ €/t 702 
Srl L0°S p/€ €02 
Ill 0s°8 €/T 202 
0 28°6 0 102 
8b 19°8 L/T Let 
LET 02°T € G21 
LEI L9°2 €/v pel 
L2t ce'v v/€ E21 
G6 cerl €/T 221 
0 0S°8 0 ira 
Ge €£°9 L/L LOT 
621 OL'T € GOT 
821 Lv'2 €/v vOl 
LOT EL°€ v/€ €01 
QZ 6L°S €/T 201 
0 €2°9 0 I0T 
(dIN‘NI) (dIy) 


qnduol  HL9Na7 g9nvo nr © _-NSWOW SNIGNSS =n 
JIVWILIN -YW3HS JLVWILIN  INAWOW TVNOISYOL wV3a 


p90 08.0 af.0 
- = 0 ¥e.0 2.0 
a ‘EO 20.f $8.0 
— £0.0 €e.0 eo. oO 


2.0 _ 02.0 3e.0 


Teaw "8 NEI ¥d.01 
T2A3 "8S SRE Or.2 
TeAg "ER 03! OL.€ 
TeAa "eb Shr es. 
TeAz “ST ay Ta. e€L 


2MARQAIG MOITOAMITMI AOA ATAG 1.2 JSAT 


Tuo 


© SORENSEN 
o VIOI-VIO7 
0.8 
0.6 
0.4 
0.2 
O 
O 0.2 0.4 0.6 0.8 1.0 
Mu 
1.0 F Muo 
© SORENSEN 


0.8 °o Vi2I-VI27 


0.6 


0.4 


0.2 


Muo 
FIGURE 5.1 INTERACTION DIAGRAMS 


3h 


° MUKHERJEE 
° V20iI-V207 


Muo 


a MUKHERJEE 


o V22I-V227 
0.8 


0.6 
0.4 


0.2 


0 02 04 06 oO8 M10 M, 


FIGURE 5.2 INTERACTION DIAGRAMS 


38 


5 


1.0 
° VIOI-VIO7 
3 o VI21-VI27 
0.8 
0.6 
0.4 
0.2 
0) 
e) 0.2 0.4 0.6 0.8 1.0 
Vu 
° Vuo 
i.0 . 
. ° V20I-V207 
0.8 o V22I -V227 
0.6 
0.4 
0.2 
fe) 
fe) 0.2 0.4 0.6 0.8 1.0 
ae 
Vuo 


FIGURE 5.3 INTERACTION DIAGRAMS 


Ty (IN. KIPS) 


T, (IN. KIPS) Ty (IN. KIPS) 


Ty (IN. KIPS) 


150 
inn a © VIOI-VIO7 
e VI2I-VI27 
50 
r) 
r) 2 4 6 8 10 
Vy (KIPS) 
150 
100 © VIOI-VIO7 
© Vi2I-VI27 
50 
C= 
) 200 400 600 
My (IN. KIPS) 
150 
100 
2 V201-V207 
® V221-V227 
50 
r) 
r) 2 4 6 8 10 2 14 
Vy (KIPS) 
180 
100 
0 V201 -V207 
© V22I -V227 
50 
0 


0 200 “400 600 800 
Mu (IN. KIPS) 


FIGURE 5.4 INTERACTION DIAGRAMS 


40 


FOSV-1OSV @ 
TSSV-ISSV 


41 


Capacity of the section beyond the cracking stage up to the ultimate 
loading condition. Dimensional interaction diagrams shown in FIGURE 5.4 
are used to illustrate the effect on the beam behavior of varying the 
torsional moment to bending moment ratio. 

In the case of bending and shear with little or no torsion, 
the bottom longitudinal steel experienced high tensile strains in re- 
sisting the applied flexural moment. Cracks occurred on the bottom 
of the specimen and continued vertically upwards defining the lower 
boundary of the flexural compression zone. Under increased loading, 
these cracks angled in towards the load point stopping approximately 
one-third of the depth down from the top. The failure plane occurred 
quite close to the load point and crushing of the concrete along the top 
fibre was quite evident. Examination of the test specimens after failure 
revealed that the length over which cracking occurred was greater in the 
case of the higher prestress force because of the higher bending moment 


needed to bring about fa7jlure. 


In the medium range of torque to bending ratio, cracking occurred 
on the bottom and side faces almost simultaneously. The crack pattern 
became quite inclined and failure occurred along an inclined crack at 
some distance from the load point. The transverse reinforcement provided 
a large amount of the torsional stiffness after cracking and as failure 
approached, the top longitudinal steel developed tensile strains due to 
the twisting action of the torsional couple. It can be seen from the 


torque-twist curves in APPENDIX A that the available rotation capacity 
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is reduced with an increase in the degree of prestress, and also with an 
increase in the proportion of bending moment. It appeared, that for the 
same degree of prestress force, the beams which were eccentrically pre- 
stressed exhibited greater ductility than those which were prestressed 
concentrically. This is illustrated in the shape of the moment-deflection 
diagrams in APPENDIX A. Because the internal resisting couple possessed 
a large lever arm due to the location of the strands below the centroid 
of the cross section, these specimens had a greater flexural capacity 
than those prestressed concentrically. Therefore, provided that the 
prestress force is low enough to ensure a tensile-type of failure, the 
eccentrically prestressed beams will exhibit greater ductility. 

As the proportion of torsional moment was increased, the cracks 
developed near mid-height and at a considerable distance from the load 
point. The four gauges located on the stirrups in the gauge length indi- 
cated large strains were taking place. Inclined cracking progressed along 
the length of the beam as the loading was increased. A particularly wide 
crack with some evidence of crushing in the concrete indicated the plane 
on which failure occurred. In the case of the higher prestress level, 
the inclination of the torsional cracking was decreased and the pattern 
became more horizontal in nature due to the higher initial compressive 
Stressiins thes concrete: 

Individual beam behavior can be analyzed using the test re- 
sults presented in the beam tables in APPENDIX A. Two methods of graphic 


representation have been used to present these results; these are the 
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torque-twist curves and the moment-deflection curves shown in APPENDIX A. 
In plotting the moment-deflection diagrams, the coordinates used were 
the maximum flexural moment under the load and the deflection of the 
west gauge. Because in every case the failure plane was situated at 
a distance removed from the load point, the moment at the failure section 
at ultimate, Jha always existed in an area subjected to transverse shear 
stresses, whereas theoretically at least, no shear stresses were present 
at the load point section. Hence, the value of the moment existing at 
the load point section at ultimate was always greater than the moment 
existing at the failure plane section. Strictly speaking, the transverse 
load was distributed to the specimen over a 6 inch length, and hence, 
there existed a steep shear gradient over this small portion of the beam. 
For the specimens subjected to a greater proportion of flexural 
moment with respect to torsional moment, it would appear from analyzing 
the bottom longitudinal steel strains and the general shape of the moment- 
deflection curves, that the yield strain in the mild steel reinforcement 
was reached and that a tensile-type of failure occurred with adequate 
ductility exhibited prior to failure. In the case of the eccentrically 
prestressed beams, the strands possibly reached their yield strain and 
contributed to the post-cracking ductility of the specimen. However, 
those prestressed concentrically exhibited less ductility and it would 
appear that, because of their location in the section, the strands did 
not attain the same strain as those positioned eccentrically. When the 


proportion of torsional moment with respect to bending moment was increased, 
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the transverse and longitudinal reinforcement mainly provided the ro- 
tational resistance after cracking. Prestressing eccentrically added 
to the available rotational capacity, but prestressing concentrically 


afforded little increase in this respect. 


5-3 GENERAL EFFECT OF PRESTRESSING 

Because the prestress force introduces initial compressive 
Stresses in the concrete, its effect is to increase the resistance of 
the section to applied torsion, shear and bending. The effective tensile 
Strength of the concrete is increased with prestressing with the result 
that cracking is delayed until such time in the loading sequence that this 
initial compressive stress has been neutralized. It has been found that, 
for high prestress levels, the amount of post-cracking behavior is reduced; 
hence, the beams have the tendency to fail in a rather brittle manner 
with a small amount of ductility exhibited after initial cracking. 

(a) Effect of Degree of Prestress 

The effect of using a higher level of prestress can best be 
visualized by referring to the top diagrams in FIGURE 5.1 and FIGURE 5.2. 
In the case of combined bending and shear, the capacity at ultimate for 
Beam V201, while still less than that for pure bending, is greater than 
the value found for Beam V101, and this increase must be due to the 
higher value of prestress present. In the case of high torque to moment 
ratio, i.e. Beam V205, the torsional capacity under combined loading is 
still less than under pure torsional loading, but greater than that value 


for the case of the lower prestressed Beam V105. Hence, the detrimental 
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effect of the torsional and transverse shear stresses is slightly lessened 
with the introduction of higher initial compressive stress. But as the 
torque to bending ratio is reduced, the value of the torsional moment at 
failure is greater than the capacity of the section in pure torsion. This 
increase can be greatly attributed to the higher level of prestress as 
the presence of flexure does not significantly increase the resistance 
to torsional stresses particularly for concentrically prestressed beams 
as exemplified in the curve for Beams V101-V107 in FIGURE 5.1. This 
beneficial effect can also be seen by comparing the top and bottom dia- 
grams in FIGURE 5.3. 
(b) Effect of Location of Prestress 

The effect of prestressing eccentrically can be seen by com- 
paring the top and bottom diagrams in FIGURE 5.1 and FIGURE 5.2. Fora 
beam subjected to bending and shear only, the capacity of the eccentri- 
cally prestressed section exceeds that for the specimen prestressed con- 
centrically regardless of the degree of prestress. One of the more im- 
portant findings as a result of the tests performed by Sorensen (12) was 
that a small amount of bending was beneficial to the torsional strength 
as shown in the bottom diagram of FIGURE 5.1. However, for our case, a 
small amount of bending had a negligible effect on the torsional strength. 
It would appear that the introduction of transverse shear stresses into 
the section counterbalanced any helpful effect that a small amount of 
bending might afford. Examination of the moment-deflection curves in 


APPENDIX A shows that prestressing eccentrically has the desirable effect 
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of producing a more ductile type of failure even for the case of higher 


prestress. 


5-4 EFFECT OF TRANSVERSE SHEAR 

FIGURE 5.1 and FIGURE 5.2 illustrates the effect of transverse 
shear by comparing the results of two series of tests; one including shear 
and the other without. It can be seen that, for the case of combined 
bending and shear, the presence of shear reduces the ultimate capacity 
in flexure that the specimen is capable of sustaining regardless of the 
degree and location of the prestress. For the case of combined bending, 
torsion and shear, the effect of shear is to reduce the ultimate torsional 
Capacity of a section under a lower degree of prestress regardless of its 


location as shown in the top diagram of FIGURE 5.3. 
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CHAPTER VI 


SUMMARY , CONCLUSIONS AND RECOMMENDATIONS 


6-1 INTRODUCTION 
This chapter includes a summary of the test results, general 
conclusions resulting from the investigation, and recommendations for 


further studies of this nature. 


6-2 SUMMARY 

For this study, twenty four rectangular concrete beams were 
tested. Identical longitudinal and transverse reinforcement were pro- 
vided for all specimens. Twelve were prestressed concentrically while 
the others were prestressed eccentrically at an eccentricity ratio of 
0.167. Also, two degrees of prestress force were studied, thus dividing 
the beams into four series. At the lower degree of prestress, Beams 
V101-V107 were concentrically prestressed while Beams V121-127 were pre- 
stressed eccentrically. Beams V201-V207 were concentrically prestressed 
while Beams V221-V227 were prestressed eccentrically at the higher degree 
of prestress. 

All beams exhibited two stages in their behavior and these are 
designated as pre-cracking and post-cracking. Essentially elastic be- 
havior existed prior to cracking which was terminated by major cracking 
at that point indicated by the abrupt change in slope in either the moment- 
deflection curves or the torque-twist curves. The mild steel reinforce- 
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ment provided the post-cracking ductility exhibited by all the specimens. 
The test results have been presented in the form of tabulated 
values, TORQUE-TWIST curves, MOMENT-DEFLECTION curves, INTERACTION DIAGRAMS , 
and discussions. The interaction diagrams have been shown in both di- 
mensional and non-dimensional form for the ultimate loading condition. 
These diagrams graphically present a summary of the test results illu- 
strating the effects of both types of prestressing, two degrees of pre- 
stressing, the torsional moment to flexural moment ratio, and the effect 


of transverse shear at the ultimate loading stage. 


6-3 CONCLUSIONS 

In order to study the different variables, the twenty four speci- 
mens were divided into four groups of six beams. Hence, the results of 
this investigation are based upon a limited number of tests, and should 
be interpreted as such. 

From the test results, it is concluded that: 

(1) Concentric prestressing increases the cracking capacity of a 
rectangular concrete section under combined bending, shear and torsion 
by increasing the effective tensile strength of the concrete. 

(2) The ultimate capacity of an eccentrically prestressed rec- 
tangular concrete section subjected to shear and bending is greater than 
that for the same specimen prestressed concentrically. However, for 
the case of combined bending, shear and torsion, the type of prestress 
seems to have little effect on ultimate capacity. 


(3) The ultimate capacity of a rectangular concrete section sub- 
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jected to bending, shear and torsion is increased by using a higher 
level of prestress force. Generally, the effect of prestressing is 
beneficial provided that the level of prestress force is not great 

enough to alter the failure mode from one of principal tension to a 
compression-type failure. 

(4) The effect of transverse shear is to reduce the ultimate 
capacity of a prestressed rectangular concrete section subjected to 
either bending and shear, or bending and shear combined with torsion. 
Because the transverse shear introduces tensile stresses into the section, 
its effect is to bring about failure at a smaller load. 

(5) The detrimental effect of the transverse shear stresses can be 
overcome by prestressing with a higher degree of prestress force. This 
can be achieved regardless of the type of prestressing used. The ulti- 
mate torsional capacity of the section can even be increased beyond 
that for the case of pure torsion but this higher capacity is still 
slightly less than that for the case of combined bending and torsion; 


hence, the effect of the shearing stresses is not completely nullified. 


6-4 RECOMMENDATIONS 
The following recommendations are made for the benefit of 
future investigations: 
(1) Comparisons between prestressed sections and identical 
non-prestressed specimens should be established in order to verify the 
effect of prestress on combined load capacity. 


(2) More test data is needed for torque to bending moment ratios 
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of the order of 0 to 0.33 as this is probably the approximate ratio of 
loading found in practice. 

(3) Varying amounts of mild steel reinforcement should be in- 
cluded in future tests to determine how its amount and distribution 
across the section affects the beam behavior. 

(4) Sections other than rectangular should be tested as prestressed 


concrete is generally employed as 'I' and 'T' sections in practice. 
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APPENDIX C 


NOTATION 
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NOTATION 


compressive strength of concrete determined by tests on 6 x 12 in. 
concrete cylinders 

tensile strength of concrete as determined by tensile splitting 
tests 


yield strength of longitudinal reinforcement 


yield strength of lateral reinforcement 


longitudinal steel percentage 


transverse steel percentage 


ultimate torsional moment under combined loading 


ultimate torsional moment under pure torsion 


ultimate flexural moment at failure plane section under combined 
loading 


ultimate flexural moment under pure flexure 


ultimate transverse shear in gauge length at failure under 
combined loading 
ultimate transverse shear in gauge length at failure under bending 


and shear without the presence of torsional loading 
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